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Relaxation of the sodium atom in the 4D level by collisions with noble gases. I. Experimental aspects F. Biraben, K. Beroff (**), G. Grynberg (*) and E. Giacobino Abstract. 2014 The sodium atom is excited selectively in the 4D3/2 or 4D5/2 level using Doppler-free two-photon absorption. We analyse the fluorescence in intensity and polarization in presence of noble gas atoms. We measure the cross-sections corresponding to the transfer of population between 4D3/2 and 4D5/2 and between 4D and 4F, the relaxation of alignment in both fine sublevels and the transfer of alignment. In particular, we have observed a transfer of alignment in the case of helium and neon perturbers. LE [1] , [2] has contributed much valuable information to numerous areas of atomic physics [3] . This technique has been particularly interesting in the investigation of collisional processes. Due to the very small linewidths obtained by twophoton absorption, it has been possible to measure the broadening and the shift of the line for very small pressures of foreign gases [4] , [5] , [6] . Another possibility concerns the excitation of a single level inside the Doppler width and the observation of the transfer induced by collision from this level to other levels. In a recent paper [7] we have presented some of the results of an experiment conceming the relaxation of the 4D3/2 and 4D5/2 levels of sodium atom perturbed by noble gases (He, Ne, Ar, Kr, Xe). Using Dopplerfree two-photon absorption, we populate only one fine sublevel, either 4D3/2 or 4D5/2 from the 3S1/2 groundstate (see Fig. 1 ), and we analyse in intensity (**) Present address : Institut du Radium, rue Pierre-et-Marie-Curie, 75005 Paris, France. (***) Associé au C.N.R.S. and polarization the fluorescence light emitted from these levels towards the 3P 1/2 and 3P 3/2 levels. Collisions with noble gases inducing transfer between the various Zeeman components inside a fine sublevel and transfer between the two fine sublevels result in a change in the fluorescence spectrum compared with the case with no collision, and in a depolarization of the fluorescence lines. Relative fluorescence intensities and polarizations depend on the pressure of foreign gas. It is easy to understand this by considering a simple example (see Fig. 2 ) : if we excite the 4D5/2 level, due to the selection rules of the electric-dipolar transition, the fluorescence spectrum in the absence of collisions consists of only one line at 5 688 A (transition 4D5/2 --+ 3P3/2). But if there are collisions, they induce transfer between 4D5/2 and 4D3j2 and we observe two fluorescence lines, the intensity of the line at 5 682 A increasing with the rare gas pressure (in this case with neon). As we shall see, due to the geometry of our experimental set-up, we can only observe quantities related to population and alignment. Therefore we have been able, with this method, to measure the collisional cross-sections corresponding to the transfer of population between 4D3/2 and 4D5/2, the relaxation of alignment in both fine sublevels and the transfer of alignment. (4Ds/2 --+ 3P3/2 and 4D3/2 --+ 3P3/2) and on the 5 682 A line (4D3/2 --+ 3P1/2) for a Doppler-free two-photon excitation of the 4D 5/2 level. The spectrum is shown for different values of the neon perturber pressure.
Furthermore we have observed that, in order to analyse with precision the fluorescence intensities, it was necessary to take into account the relaxation of the total population of the 4D level (quenching). Indeed we have found that the influence of the nearest 4F level (40 cm-1 away) was non negligible and we have measured the population transfer between the 4D and 4F levels.
In the present paper we will describe all the experiments we have performed in this investigation and all the results we have deduced from them. Before we describe the experiment itself, we are first going to specify the various coefficients characterizing the relaxation of the 4D3,2 and 4D 5/2 levels (section 2).
In section 3 we present the calculation of the fluorescence intensities and introduce the experiments. Then we describe the experiments concerning the population transfer (section 4), and the experiments concerning the relaxation of alignment (sections 5 and 6). The results thus obtained are interpreted with respect to the relaxation coefficients for an atom without spin (section 7). Finally we obtain the collisional crosssections corresponding to the relaxation of population, orientation, alignment and of the third order multipole for an atom without fine structure. In a second paper, we will compare these experimental cross-sections with those obtained theoretically by using various interaction potentials for the sodiumrare gas system.
The relaxation coefficients of the 4D level. -
The hyperfine splitting of the 4D3/2 and 4D5/2 levels is smaller than the natural width of each fine sublevelequal to about 3.2 MHz -(as a matter of fact, it has not been possible to separate the various hyperfine components of the state, even by reducing the linewidth of the laser to about 1 MHz) ; so we do not take the hyperfine structure into account and we consider that the 4D level is split into two fine sublevels (the distance between 4D3/2 and 4Ds/2 is about 1.03 GHz).
Nevertheless, we shall retum to the problem of the hyperfine structure when reporting the measurement of the polarization rate of the fluorescence lines ( § 5.2). In the first instance we analyse the various coefficients of relaxation in the case of an angular momentum L = 2 for an atom without spin. The relaxation inside a level of given L is characterized by (2 L + 1) constants LLpk corresponding to the relaxation rate of the k multipole [8] .
We have where -P represents the relaxation matrix operating in the Liouville space. If 1 p » is the density matrix of the excited state, the ef'ect of the collisions is described by the following equation (in the limits of the impact approximation) : -LLTq is the irreducible tensorial operator of order k of the level L In the case of the 4D level, we have five relaxation coefficients denoted by G k (G k = 2 2,p k) with k = 0, 1, 2, 3, 4.
GO represents the relaxation of the population of the 4D level. In our case, G ° is a non-zero coefficient because collisions induce a population transfer between the 4D level and the nearest level, 4F.
CASE OF THE TOTAL ANGULAR MOMENTUM J. -
To obtain the relaxation coefficients when we take the spin-orbit coupling into account, we have to write the evolution equation of the density matrix due to collisions. We first expand p over the irreducible tensorial operator basis, ""T K , keeping only those operators which act within the 4D level Owing to the selectivity of the two-photon excitation, we put the atom either in the 4D3/2, or in the 4D5/2, level, but we create no coherence between the two fine-structure levels. Making the secular approximation, we then know that no coherence can be created during the evolution due to the collisions. In the above expansion only terms with J = J' will appear ; to simplify the notation we shall replace the double index JJ by J alone. The evolution equation can then be written -the (2 J + 1) coefficients JJOK correspond to the relaxation rate of the K multipole of the fine sublevel J; -the JI 0 ' coefficients represent the transfer of the K multipole between the J and J' fine sublevels.
3 EXPRESSION OF THE ¡'cPK COEFFICIENTS IN TERMS
OF THE G k COEFFICIENTS. -As the collision Hamiltonian does not affect the electronic and nuclear spins, all the quantities jcPK describing the relaxation for the atom with a fine structure can be simply related to the relaxation coefficients G k for an atom without spin.
The validity condition is the following : if AE is the fine structure splitting and !c the collision time, we must have AE « 1/Tc. In our case this condition is very well satisfied : AE is about 109 Hz and -c,,, is about 10-12 s (in the experiment the temperature of the cell containing the sodium atoms and the rare gas atoms is 270 °C). Physically this means that the fine structure AE is too small to bring about an evolution of the atomic state during the collision time Te-As a consequence ofthis, we can express the j4&#x3E;K coefficients as functions of the GI coefficients by performing simple algebraic transformations of the tensors (see reference [8] ) :
The relation is correct only if we neglect the effect of quenching. (If we consider the influence of the 4F level, we must add to eq. (1) an additional term proportional to L!frpK with L = 2 and L' = 3.)
The calculation of the coefficients frpK has been performed by G. Meunier [9] . The values corresponding to J = 5/2 and J = 3/2 in the case of the 4D level of sodium are reported in table 1.
3. Intensities and polarizations of the fluorescence lines. -As already mentioned our experimental method is based upon the measurement of the fluorescence intensities and polarizations of the 4D -3P lines at 5 682 A and 5 688 A. We present, in the following, the calculation of these fluorescence intensities, and we show how the various relaxation coefficients can be deduced from the experiments. 3 .1 CALCULATION OF THE DENSITY MATRIX. - We must first calculate the stationary density matrix of the excited state p,,. The evolution of p, is given by the following equation :
The last two terms represent the spontaneous emission and the collisional relaxation. The first term represents the two-photon excitation used to populate the excited state and can be written in the following form :
In this expression n and n2 are the number of photons per unit volume in each travelling wave of frequency OJ and pg is the density matrix of the ground state. egQ S is the two-photon transition operator, the detailed study of which can be found in [ 1 ] , [ 10] , [ 11 ] . It is defined in the following way where D is the electric dipole operator ; Ho is the Hamiltonian of the free atom ; and e and a) are the polarization and frequency of the two counterpropagating waves. In the particular case of our experimental arrangement, the two-photon excitation term has very simple properties. The geometry of the experiment is shown in figure 3 . The laser beam is circularly polarized and the fluorescence light is detected perpendicularly to the beam. If we choose the quantization axis in the direction of the laser beam and if we suppose that the density matrix in the ground state pg is isotropic, it can be shown that we only excite longitudinal quantities 'p.. The expansion of the two-photon excitation term over the irreducible tensorial operator basis then has the following form :
The values of the'Pô coefficients can be calculated from (4) and will be given later.
We will first concem ourselves with only the two fine sublevels 4D3/2 and 4Ds/2. That is, we neglect the transfer to the 4F level. Using (1) and (5), eq. (3) is now replaced by a set of equations, each of them corresponding to a multipole of order K. The steadystate solution turns out to be :
In practise these equations are considerably simplified, because we have either 3/2 PK or 5/2 PKo equal to zero (we do not excite the two fine sublevels J = 3/2 and J = 5/2 simultaneously).
collisional transfer towards this level is not completely negligible and will now be taken into account. Nevertheless we suppose that we only have a population transfer and no alignment transfer (1) .
When studying the populations, it is more convenient to introduce the number of atoms rather than the coefficients of the density matrix expansion. Let the population of the 4Dj level be equal to N is the number of atoms submitted to the excitation.
We rewrite the evolution equations for the population, taking into account the 4F level and expressing the ¡«po coefficients in terms of GO and G 1 (eq. (2)). We obtain :
N(4F) is the total population of the 4F level, T4F represents the lifetime of the 4F level and y(3/2), y(5/2) respectively the transition probabilities per unit time from the 4F levels towards the 4D3/2 and 4Dsj2 levels.
Due to the microreversibility principle, we have
The steady-state solution of eq. (7c) is
We introduce the coefficient Go
The first two equations of system (7) become It can easily be verified that these equations have exactly the same form as (7a) and (7b) if we replace GO by G'° and if we take out the terms corresponding to the 4F level. This shows that eq. (6a) and (6b), which have been obtained by neglecting the transfer to the 4F level, are still valid in the presence of transfer.
For this we just have to replace GO by G'° in the expressions of the coefficients J'I 0'. This is important in taking into account the return transfer from level 4F to levels 4D3/2 and 4D5/2. This correction is of particular importance in the case of collisions with helium.
3 . 3 FLUORESCENCE INTENSITIES. -In our experiments, we have only detected the linear polarization of the fluorescence, so that we are only sensitive to population (K = 0) and alignment (K = 2). The calculation of the fluorescence intensities in terms of the density matrix components is quite classical (see [8] and references therein) ; we give below the results for the polarizations of the fluorescence parallel (six) and perpendicular (lu) to the laser beam corresponding to the two fluorescence lines 4D -3P at 5 682 Á and 5 688 Á (Fig. 1 Using expressions (6) for ' /2 PO 0 and 3/2 PO , 0 R becomes Depending on whether we excite level 4D3/2 or level 4D5/2' we have 5/2 Pg = 0 or 3/2 Pg = 0. It can easily be shown that the corresponding expressions R(3/2) and R(512) in terms of the G coefficients are 1 for an excitation of the 4D3/2 level, and for an excitation of the 4D5/2 level.
As a matter of fact these two quantities are not independent, this being simply an expression of the microreversibility principle. To measure independently G'° and G 1, it would be necessary to study the variation of R(3/2) with pressure. As this method gives a relatively low precision, we have proceeded differently. We have first measured the population transfer (that is G°) from 4D to 4F by monitoring the fluorescence emitted from the 4F level. Once GO is known, G 1 can be deduced from the study of R(3/2) and R(5/2).
3.4.2 Alignment relaxation. -The alignment created in the excited state by the two photon excitation is destroyed under the ef'ect of collisions, and consequently the fluorescence light is depolarized. Experimentally we have measured the polarization ratios T But we must notice that the quantity is more suited to interpretation, since the numerator depends only on alignment whereas the denominator depends only on population. To study the relaxation of alignment within the 4D3/2 and 4D5/2 levels we have performed two experiments : -excitation of the 4D3/2 level and measurement of the polarization ratio at 5 682 Á, -excitation ofl the 4DS12 level and measurement of the polarization ratio at 5 688 Á.
Considering for instance the first case, we can use (l0a) and (lOb) to express U as a function of the density matrix components :
This ratio depends only on the relaxation coeffi-cients Jf1JK and excitation coefficients 3/2 P. From (6a), we have :
The first factor depends only on the excitation. In the present case, it can be calculated from eq. (4) (see reference [12] ).
The third factor depends only on the population relaxation and transfer coefficients ; we can derive it from the preceding measurements. Let a be its value.
To eliminate the variations of U (5 682 À) due to the population relaxation we will study the following quantity :
A(3/2) describes the relaxation of alignment alone. Now we can notice that in our experiment the alignment transfer is small compared to the relaxation : lJÉ4 2 « llÉ42, 3%22· Neglecting llÉ42 in (16) leads to an error smaller to 1 %. A(3/2) then has a very simple form :
which is a linear function of the foreign gas pressure.
We now consider the case in which the 4D5/2 level is excited. Using formulae (6) and (10) (6) and (10) we transform it into :
As we know '/2 0 2 from the preceding measurements, the study of V gives the value of the transfer coefficient 5 2 2.
To derive all the relaxation coefficients we must thus perform the following experiments :
(i) Measurement of the population transfer towards the 4F level using the fluorescence line emitted from this level. We obtain GO from which we can calculate G'° (eq. (8b)).
(ii) Measurement of the population transfer between 4D3/2 and 4D5/2. The study of the Ix and I,, intensities of the 5 682 A and 5 688 Á lines gives the values of the ratios R(3/2) and R(512) defined by (11) . Using the value of G'° obtained before, we derive the value of G 1 (eq. (13)).
(iii) Measurement of the polarization ratios of the fluorescence lines ; knowing the relaxation constants of the population, these measurements yield the relaxation and transfer coefficients for alignment 5/2(p2 3/2tfJ2 and 3/2ae2 / p2 and 3/202.
(iv) Measurement of the alignment relaxation using the Hanle effect. We have verified the preceding measurements in one particular case using the Hanle effect.
We will then use table 1 to deduce the G 1, G 2 and G 3 from our experimental data. figure 4 is not very different from the one commonly used in Doppler-free two-photon experiments, and which has already been described in previous papers [3] , [13] , [14] . A few improvements have been introduced here. Indeed it must be pointed out that contrary to the usual procedure, we record a fluorescence spectrum by scanning a monochromator, while the laser frequency is kept fixed. In order to keep this frequency on the centre of the Dopplerfree two-photon absorption, we have used an additional servo-loop. Also the fluorescence intensity is monitored in a slightly more sophisticated way than previously.
1. 1 The cell and the fluorescence detection. -
The sodium cell is connected to a pumping line, which enables the foreign gas pressure to be controlled. The temperature is kept at 270 °C by an oven for all the experiments. The laser beam is focussed into the cell by a lens and reflected back on itself by a spherical mirror whose centre of curvature coincides with the lens' focal point. The fluorescence light is detected in a direction perpendicular to the laser beam. It is divided in two parts with a beam splitter. The direct beam is sent to a photomultiplier (PM 1 ) through a monochromator. A polarizer P and a half-wave plate placed before the monochromator, are used to select either the a or the x polarization. The signal from the PMI is registered on the Y(t) channel of a pen recorder. The reflected beam from the separator plate is detected by another photomultiplier (PM2) through an interference filter centred at 5 685 Á with a spectral width of 20 Á. This signal is used to stabilize the laser wavelength on the two-photon line centre.
4.1.2
The laser. - We have used a CW dye laser pumped by an argon ion laser. The laser is operated on a single mode using an internal Fabry-Perot etalon. The laser frequency is stabilized by three servo-loops. The first keeps the transmission peak of the internal Fabry-Perot etalon centred on the laser cavity mode and involves a modulation of the thickness of the internal etalon. This servo-loop completely avoids any mode hopping when the cavity length is varied. The second servo-loop locks the mode wavelength on the side of the transmission peak of a very stable external Fabry-Perot cavity. This locking does not involve any modulation, but relies on a comparison (différence or ratio) of the intensity of the laser with the intensity transmitted through the Fabry-Perot cavity. The working point is usually chosen to be at the midheight of the Airy curve but this is not critical. This servo-loop enables the frequency jitter of the laser to be reduced to about 5 MHz. Moreover this extemal cavity can be pressure swept,' which provides .a practicàlly linear scanning of the laser wavelength. But, as already mentioned, we need the laser mode to stay at the two-photon absorption centre while we scan the detection, and these two servo-loops cannot prevent the slow drifts due to the external Fabry-Perot cavity. We have thus built a third servo-loop, which locks the laser frequency to the two-photon signal, using the total fluorescence signal given by PM2. The principle consists in moving the working point of the second servo-loop along the side of the transmission peak of the external Fabry-Perot cavity. As the total width of the peak is of the order of 150 MHz, we can afford drifts of the order of 20 MHz.
The laser beam is circularly polarized by a quarterwave plate. This quarter-wave plate, located after the polarizer, also plays the role of an optical isolator between the laser and the experiment. Without this device, interference effects with the retum beam prevent the laser from running in monomode.
POPULATION TRANSFER TOWARDS THE 4F LEVEL. -
The measurement of the transfer of population between 4D and 4F was made by observing the fluorescence lines emitted on the transition 3D -+ 3P, in the cascade 4F -3D -3P -3S, that is the line 3D -+ 3Pl/2 at 8 183 Á (see Fig. 1 ) and the line 3D -+ 3?3/2 at 8 195 A. Figure 5 shows the fluorescence spectrum we obtain when we excite the 4D5/2 level. One recording is taken at zero pressure of foreign gas, the other with a neon pressure of 1.29 torr. It must be pointed out that even without any collisions we observe the lines at 8 195 A and 8 183 Á. Thèse lines are emitted from the 4D5/2 level in the following cascade : 4D -4P -3D --+ 3P, which is 36 times weaker than the cascade 4D -3P --+ 3S. For the sake of simplicity, we will neglect this transfer in the following equations, but it is easy to make a small correction to take it into account and this has been done in the final results.
-.,-" -.V-." .. The a coefficient depends on the transmission coefcients of the optics at 8 190 A and 5 685 Â, of the quantum efficiency of the photomultipliers, and of the branching ratio of the fluorescence lines. As shown more precisely below, this can be deduced from the high pressure limit. We have measured the ratios of the various intensities for the polarization la. As concems the 5 688 A and 5 682 A lines, the measurements given in the next section enable the I, intensities to be deduced. On the other hand, we have verified that the lines at 8 183 A and 8 195 A are not polarized (which justifies the neglect of the alignment transfer towards the 4F level in § 3. 2).
We now introduce the reduced relaxation coefficients gk "... 1.
Ir .... p being the pressure of foreign gas.
Then from (8a) we have :
It is easier to deal with the following quantity which has a linear dependence on the pressure. But we measure experimentally the quantity
We immediately see that the slope of the straight line, corresponding to the high pressure limit, when thermal equilibrium is reached, gives the calibration coefficient a, whereas the g° value is obtained from the extrapolation to zero pressure. Figure 6 shows the case of helium. The gl values for the various rare gases are reported in table II. 4.3 POPULATION TRANSFER BETWEEN 4D3/2 AND 4D5/2. -The principle of the measurement has already been given in § 3 . 4.1. We have seen that the experiment consists in the measurement of the ratio R of the fluorescence intensities at 5 688 A and 5 682 A for the isotropic part of the light (2 I,, + I,,) (eq. (11)).
The experiments have been done either by exciting the 4D3/2 level or the 4D5/2 level, yielding the quantities R(3/2) and R(5/2). As already mentioned R(3/2) and R(5 j2) are not independent, and it follows from (12) that The experimental results for R(3/2) are reported in figure 7 in the case of krypton perturbers. Within the experimental errors the results obtained from the direct measurement of R(3/2) and deduced from the measurement of R(5/2) using (23) are in good agree- Table III. -gl in torr-1 at 300 K. ment. The line intensities have been corrected for the contribution due to the Doppler-broadened two-photon transition background and for the aperture of the detection solid angle. From these results we can deduce a set of values for the g' parameter (G 1 = Te gl p) which are reported in table III. These results are to be compared to those obtained from the alignment relaxation study in the next section. 5 . Measurement of the alignment relaxation and transfer. -As explained in § 3.4. 2, the study has been done by measuring the polarization ratios of the fluorescence line as a function of pressure. We first describe the experimental method and then give the results.
S .1 EXPERIMENTAL SET-UP. - The experimental set-up is approximately the same as that described in § 4. l. There are two main differences : -We no longer scan the detection wavelength but we return to the usual technique of scanning the laser. So the reference photomultiplier PM2 can be removed and the separator plate is replaced by a glass plate which is tilted so as to equalize the transmission factors of the optics for the a and x polarizations.
-
The half-wave plate before the monochromator is now on a holder rotating at the frequency 0153. The photomultiplier signal is then modulated at the frequency 4 0153. This signal is sent into a lock-in amplifier, whose output thus gives lu -I,,. On the other hand I, + I,, is given by the average signal of the photomultiplier. The calibration of the output signal of the lock-in amplifier with respect to lu + I,, is easily done by completely polarizing the light. Then, both lu -In and I,, + I,, are simultaneously recorded on a chart recorder. (18) ). In the same way '/201 is obtained by exciting the 4D5/2 level and studying the polarization ratio of the 5 688 A line (eq. (21)). Experimentally, we measure the ratios T (eq. (14)) ; we have shown in § 3.4.2 that, if we know GO and G 1, we can deduce from the polarization ratios T the dimensionless quantities A(3/2) and A(5/2) which must be linear functions of pressure. Introducing the reduced relaxation coefficients f : it follows from (18) and (21 ) that :
DETERMINATION OF
The experimental results are shown in figure 8 for A(5/2). The slopes of the straight lines give the 3 "/ 2 2«f2 and 5 / /2f2 coefficients, which are reported in table IV.
The errors bars include the uncertainties in G ° and G 1. It can be seen that the variations from one rare gas to the other are similar to those obtained for gl : the relaxation decreases from helium to neon then increases from neon to xenon. On the other hand the relaxation is generally stronger within the 4D3/2 level than within the 4D5/2 level. At zero pressure of foreign gas, A(3/2) and A(5/2) are found to be both equal to 1, as predicted by (28) . Indeed, a careful measurement of the polarization ratios in the absence of collisions shows a slight discrepancy with the calculated values : the fluorescence lines being less polarized than they should be. This has been interpreted as an effect of the hyperfine structure of the 4D levels, and has enabled an order of magnitude of these very small hyperfine structures to be given (see reference [15] ). In the presence of depolarizing collisions, the latter effect is of course negligible. 
MEASUREMENT OF THE 3/'0' TRANSFER COEF-
FICIENT. -To measure the alignment transfer, we excite the 4DSj2 level and compare the intensity différence I,, -1ft for the 5 682 A and 5 688 Á lines.
As the 4D5/2 ---&#x3E; 3P 1/2 transition at 5 682 Á is forbidden, the 5 682 À fluorescence line is only due to collisional transfer 4D5/2 -+ 4D3/2. Figure 9 shows experimental recordings in the cases of argon and neon perturbers. There is no alignment transfer for argon whereas it is quite important for neon. As already mentioned, the recordings are made here as function of the laser wavelength. From these measurements, we deduce the value of the ratio V (eq. (22)), and, knowing ', /20 2@ the value of 3/202 . The results for the reduced transfer coefficient 5 j2 f 2 are given in table V. It can be seen that there is no alignment transfer for the heavy rare gases, whereas there is transfer for helium and neon. Nevertheless, the coefficients are small compared to the alignment relaxation coefficient, which justifies the hypothesis of § 3.4.2. To check our results concerning alignment relaxation, we have carried out an additional experiment using the Hanle effect, which is presented in the following section. 6 . Hanle effect study of the alignment relaxation. -The principle of the experiment ils well known : the atom is submitted to a magnetic field which causes a precession of the transverse polarization created by the laser in the excited state. This brings about a depolarization of the fluorescence light emitted in the direction of the magnetic field. The variation of the polarization with the magnetic field is a Lorentzian curve (2) which is broadened due to collisions. We have studied the broadening of the Hanle curve in the presence of krypton when we excite the 4D5/2 level.
EXPERIMENTAL SET-UP. -The experimental
set-up is not very different from that used for the measurements of the polarization ratios. We have added Helmholtz coils to produce a magnetic field on the cell perpendicular to the laser beam and parallel to the detection direction. As we scan the magnetic field, the laser wavelength must be kept fixed on the two photon absorption. The servo-loop is the same as that described in § 4.1.2 except that we use the signal provided by the photomultiplier PMI (the photomultiplier PM2 has been removed). This servoloop involves a modulation of the laser frequency at 10 kHz. Moreover, the average signal of the photomultiplier, proportional to la + I,, is locked to a constant reference d.c. voltage by acting on the highvoltage supply of the photomultiplier. Thus the output signal of the lock-in amplifier, at the frequency of the rotating half-wave plate (see § 5 .1 ), is proportional not only to la -I,, but to (lalx)/(la + I,,). 6. 2 EXPERIMENTS AND RESULTS. - We first checked the fact that the Hanle curves were Lorentzian curves at zero pressure of foreign gas showing that our hypotheses were well verified. The half-width-Ho of the Hanle curve is directly related to the alignment relaxation in the 4 Dj level where gj is the Landé factor of the 4DJ level and MB the Bohr magneton. Hence we can easily deduce a new measurement of the quantity A(J) Figure 10 gives a comparison of A(5/2) obtained from the Hanle effect measurements and from polarization ratio measurements, as a function of krypton pressure. The slight discrepancy at low pressure may be interpreted as an effect of the hyperfine structure [15] . 7. Calculation of the Gk relaxation coefficients for the atom without spin. -As mentioned in § 2.2, the fine structure-dependent relaxation coefficients J",P' can easily be expressed as functions of the Gk coefficients, independent of the fine structure. Using table I, we can obtain the values of the reduced gk coefficients :
These are reported in table VI. We see that, except for g°, we have measured four quantities that depend on the three coefficients gl, g2 and g3 ; in table VI we give the best fit for these coefficients. We also give the value of Ag1/g1, where AgI is the difference between the population transfer and the alignment relaxation measurements. We see that the discrepancies stay within the experimental uncertainty. The error bars are rather large but one must notice that they are not independent. In particular, the relative orders of magnitude of gl, g2 and g3 are significant.
From the gk coefficients we can calculate the corresponding uk cross-sections : where n is the number of perturbers per unit volume and v the mean velocity : J1 being the reduced mass.
We take the value of the spontaneous emission probability to be that measured by Kaiser and Karstensen and Schramm [16] , [17] :
The results are reported in table VII in atomic units. It can be noticed that, in a general way, the behaviour of the heavy rare gases shows differences from that of helium and neon, and this will be interpreted in the next paper. Especially the transfer measurements, which would be impossible with a classical excitation, because of the smallness of the fine-structure, are here quite straightforward. This indicates the usefulness of the method.
An interesting extension of these experiments would be to study collisional effects on Rydberg states.
